The new 3FM filter (Flexible Fiber Filter Module), implementing very fine nylon fibers as filtration media was tested at pilot scale for the first time on sea water. The objective was to improve the quality of raw sea water to produce water for injection into offshore wells for extraction purposes on oil-bearing fields. Particles larger than 5 mm must be removed from the water of injection to avoid clogging at the point of injection into the porous rock. The purpose of the tests carried out over several months at Palavas Les Flots (France) was to specify the optimal operating conditions of the 3FM filter. Various coagulants and combinations of reagents were tested at velocities ranging between 50 and 200 m 3 /m 2 /h (ground filtration velocity). On raw sea water of about 1 NTU turbidity and at velocities of 100 m 3 /m 2 /h, the filtered water contained about 300 particles per mL larger than 1 mm, and less than 15 particles larger than 5 mm per mL. The filter runs range from one hour to few hours, variable according to the raw water turbidity, the reagent dosing rate and the filtration velocity. Backwashes, a succession of air scours at high air flow rates combined with water phases, the total duration of which did not exceed 1 minute, were shown to be efficient during the three months testing period. 3FM filter performance was promising for many other possible applications.
Introduction
In order to extract oil, it may be necessary to inject water or gas to put pressure on the oil-bearing beds and increase the rate of crude oil recovery (Fries, 2005; IFP, 2005) . To prevent clogging of the rock pores, injected water must restrict particles to below a certain size, depending on the nature of the oil field.
At present, water of injection is most frequently produced by sand filtration at 30 m/h, the aim being to achieve more than 98% removal of particle sizes greater than 5 mm (Pedenaud, 2005) . But on an offshore platform, the size and the weight of such a facility is penalizing. Compagnie Pétrolière Total therefore sought a more compact and more economic solution, and approached Veolia Environnement, which was able to provide among others, the 3FM filter. This technology is reliant on an ascending filtration process through very fine, flexible polyamide fibers (Lee et al., 2007) . For a competitive price and at far higher filtration velocities (100 to 150 m/h), the 3FM filter provides water of an equivalent quality to the sand-filtered alternative. The 3FM process, used extensively for tertiary filtration in Korea, has however never been tested on seawater. A joint Veolia Environnement/Total study was undertaken to determine the performance of the 3FM filter on seawater.
A 200 mm diameter 3FM filter pilot plant was wholly built and fitted out by Veolia Environment Research Center. The Institut Français de Recherche pour l'Exploitation de la Mer (IFREMER -French Institute for Research into Seawater Exploitation) at Palavas Les Flots, near Montpellier (Hérault Department, France), works with seawater for aquaculture research. It hosted and provided us with raw seawater after a grit chamber. Tests were performed over three months, from the beginning of June to the end of August 2006.
Tests were performed at filtration velocities ranging from 50 to 200 m/h, without coagulant, then with increasing doses of ferric chloride (FeCl 3 ), WAC HB (8.5% wt aluminium chlorosulfate, high basicity), or other coagulants, with or without the addition of various polymers. These polymers were also tested alone. Hence, it was possible to determine the optimum conditions of filter operation, so as to meet Total's requirements for water quality. The optimum filtration velocity, cycle duration and reliability of the process (in particular filter backwash) were determined.
The 3FM technology is comprised of: † a cylindrical vertical vessel in stainless steel (part 1, Figure 1 ) containing the filter medium made up of fine polyamide fibers; the tubular filter body concentrically houses a perforated tube (part 6 Figure 1 ) collecting filtered water running along its axis; † an air scouring unit comprised of a compressor and a pressurized air tank able to ensure high flow rate backwash ( Figure 2 ). The pilot plant, fitted with pumps, pneumatic valves and sensors, PLC and supervisory system, was designed to be entirely automated. The on-line measuring devices were a pressure sensor, a flow meter, two turbidity meters, a particle counter and a temperature sensor, which continuously monitored the main operating parameters of the filter. For tertiary filtration of wastewater 3FM technology has already been tested (Ben Aim et al., 2004) at pilot scale in Auvers/Oise (Bord, 2005) . There are many operational industrial applications in Korea. However, knowledge of 3FM filter performance in drinking water is limited to the data from tests performed with an older generation pilot filter (without axial collector of filtered water), used on the water of the Garonne River at Clairefont (Toulouse water treatment station; Bucciali et al., 2003) and on the Nak-Dong River (Lee et al., 2006) but, the 3FM filter had never been tested in seawater. It was therefore essential to do so to better understand the conditions required for its optimal use.
Equipment and method

Filter material
Like granular filtration, the 3FM technology uses so-called core filtration. Here, however, the granular filtering media is replaced by extremely fine flexible polyamide fibers.
Characteristics of 3FM used
Veolia Environment markets 8 filters in a range of diameters, from 200 to 2000 mm. The filter used during these tests was the smaller one. The fiber bundles are passed through rings fixed to a perforated plate at the bottom of the filter (point 5, Figure 1 ), before being laid out in the filter extension housing. The fibers fill the tubular space bounded by the filter body which concentrically encases the inner perforated tube collecting the filtered water. The upper extremities of the fibers remain unattached.
Raw water enters the filter at its base (point A), then flows through the distribution chamber (7). Its distribution through the filter height depends on the filtration velocity and the filter fouling. After collection in the axial perforated tube (6), the filtered water leaves via outlet B at the top of the filter. The main characteristics of the filter are summarized in Table 1 .
During backwash and air scour, the pressurized air produced by the compressor and contained in the 500 litre galvanized tank (7 bar limited pressure) enters the bottom of the filter (C) under pressure regulated at 1.4 bar. Backwash water is drained off at the top of the filter (D).
Filter backwash takes place by alternating the fast air scour phase (150 m 3 /h for 5 s) and a raw water backwash phase (5 m 3 /h for 15 s) repeated three times, forcibly expelling matter held by the fiber. The release of the suspended solids held in the filter is promoted by the fibers as they stretch under the powerful upward air current. The water phase is then used to fill the filter between two air scours. Backwash can be programmed and started at a pressure set point (head loss), or directly by the operator.
Results
Without reagent
Without reagent, at a velocity of 100 m/h and with seawater turbidity in the range of 0.8 to 1 NTU, the quality of filtered water did not meet the requirements (turbidity less than 0.1 NTU and few particles with a size greater than 5 mm). The turbidity of the filtered water was in the range of 0.2 to 0.15 NTU, and there were too many particles. The particle counter showed between 3,500 and 6,000 particles larger than 1mm, 100 to 300 particles larger than 5 mm (Figure 3) , and some 5 to 6 particles larger than 10 mm. During the 14 hours of filtration, head loss increased only marginally, from 80 to 90 mbar.
Given these results, it was essential to use reagents to condition the raw water and improve the quality of the filtered water produced. For steady raw water turbidity, at around 1 NTU, the optimum FeCl 3 dose was around 5 ppm (Figure 4 ). This dosing rate provides an appropriate trade-off between filter performance and cost, giving good quality filtered water (turbidity , 0.1 NTU, 2-300 particles . 1 mm, 20 p . 5 mm and only 3-4 p . 10 mm), at a velocity of 100 m/h, and cycle duration of around one hour. At higher doses of FeCl 3 (10 ppm) there was little improvement in filtered water quality, and a substantial reduction in cycle length, which was penalizing. Raising speed to 150 m/h reduced the quality of the outlet water and had a substantial impact on the cycle duration, which became 30 minutes. Reduction in the chemical dosage (2.5 ppm) considerably increased cycle duration (around 4 hours at 100 m/h), without overly degrading the quality of the filtered water (less than 30 particles larger than 5 mm). (l) 34 Figure 3 Performance of 3FM filter without reagent at 100 m/h J-P. Jeanmaire et al.
Depending on the target for the quality of filtered water and the purpose for which water is needed, the possibilities are as follows: † reduce dose of coagulant, if quality requirements are less stringent; cycle durations are thereby extended (4 hours at 2.5 ppm FeCl 3 and 100 m/h; more than 2 hours at 150 m/h); † increase filtration flow rate for the same coagulant dosage; then water quality will be substantially degraded and life cycle shortened; † reducing filtration speed, or increasing coagulant dosage, to improve the quality of the filtered water.
WAC HB at 100 m/h WAC HB, which had demonstrated relatively poor performances in the granular filtration of seawater at Antibes (Jeanmaire, 2003) , appeared to be as effective as FeCl 3 with the 3FM filter, particularly with regards to the quality of water obtained and more interestingly still, in terms of cycle duration. For raw water turbidity of approximately 1 NTU, at 100 m/h and a 5 ppm WAC HB dosing rate, the quality of filtered water was relatively good (0.1 NTU; less than 400 p . 1 mm and less than 30 p . 5 mm and 0-1 p . 10 mm), for more than 8 hours ( Figure 5 ). Under the same conditions, but with a higher dose of WAC HB, water quality was improved and the number of particles larger than 5 mm fell to less than 10. It took no more than 10 minutes of filtration after backwash to stabilize the filter and produce good quality of filtered water. A 1.5 ppm dose of WAC HB appeared insufficient, because the filter maturation time was clearly too long. Indeed, nearly four hours were required for the number of particles larger than 1 mm to fall from 1,500 to 500, and more than 7 hours to bring the number of particles larger than 5 mm down from 50 to 20.
Particles removal Particle counts in raw water
We have so far presented only the number of residual particles in filtered water. It was however of interest to have an indication of the 3FM filter's particle elimination rate. Particle counting took place on an occasional basis in the raw water, at different dates. The use, if continuous, of a particle counter in raw water would inevitably have led to a rapid fouling of the cell, so causing maintenance problems in the measuring device. The results of measurements taken for approximately ten minutes, are shown in Table 2 . They related to seawater turbidity in the range of 0.42 to 1.4 NTU. In the majority of cases, the number of particles larger than 1 mm was beyond the counting range of the device, fixed at 10,000. The number of particles bigger than 5 mm ranged from 450 to 940, p . 10 mm was in the range of 70 to 180, and p . 25 mm in the range of 3 to 13. For these values, averages were calculated.
Average particle removal rate according to the filtered water quality These are the average values used to estimate the degree of particle removal rate achieved by the 3FM filter (Table 3) , depending on the quality of the filtered water obtained. Thus, using an appropriate quantity of coagulant, the first water quality (1,000 p . 1 mm, 50 p . 5 mm, 1 p . 10 mm, 0 p . 25 mm) was easily obtained at a velocity of 100 m/h, even for raw water turbidity of 5 NTU. The removal rates for the various particle size fractions were respectively .90%, 93%, 99% and 100%. The second level of filtered water quality (300 p . 1 mm, 15 p . 5 mm, 0 p . 10 mm, 0 p . 25 mm) was obtained with low turbidity water (#1NTU), at a velocity of 100 or even 150 m/h, for an optimum amount of coagulant. The removal rates for the various particle size fractions were then respectively .97%, 98%, 100% and 100%.
SDI measurements
Many measurements of SDI 3 (under standardized protocol ASTM D4189) were performed on raw and filtered water. SDI 3 of raw water, in the range of 22 to 32, were not good. But filtration by 3FM did not improve this significantly. To find out why these results were poor, we performed a Modified Fouling Index at the outlets both of the 3FM, and of the sand filters at the IFREMER station. The sand filters operate at 6 m/h without reagent. We therefore also operated the 3FM without reagent, but at velocities of 50, 100 and 150 m/h. Raw water naturally had the highest fouling potential (Figure 6 ). On the other hand, 3FM filtered water was clearly of better quality at speeds of 50, 100 or even 150 m/h, than water filtered through sand at 6 m/h, which was further proof (if any were needed) of the efficacy of 3FM at these high speeds.
Conclusion
The filtration tests took place over three months, from the beginning of June to the end of August. During this period, seawater turbidity was in the range of 0.5 to 5 NTU, at temperatures between 15 and 30 8C. These tests took place at velocities between 50 and 200 m/h, without coagulant and then with increasing doses of FeCl 3 , WAC HB, with or without polymer addition.
Using a new filter the quality of filtered water was initially relatively poor, but improved along one or two days. The conditioning of the fibers (development of biofilm, Figure 6 Raw and filtered water filterability of sand filters at IFREMER and through 3FM filter without reagent fiber coating by suspended solids) is required for 3FM to achieve optimal performance, which is similar to the conditioning of the materials used in granular filters.
Without coagulant the quality of filtered water was not excellent (more than 4,000 particles . 1 mm; 200-300 p . 5 mm, at 100 m/h).
WAC HB was in general the best of the tested coagulants in terms of the filtered water quality. Above all, WAC HB allowed for longer cycle duration than FeCl 3 .
Optimum filtration velocity was around 100 m/h, but can be increased to 150 m/h with low raw water turbidity (less than 1 NTU), or even higher in the event of a lower quality requirement of the filtered water.
Even with reagents the quality of the filtered water still depends considerably on the quality of the raw water and the dose of coagulant used. For raw water turbidity of 1 NTU, 5 ppm of WAC HB was often enough to obtain around 300 p . 1mm and 20 p . 5 mm. 10 ppm WAC HB is required if raw water turbidity is 3-4 NTU, although it doesn't allow to reach the same quality of filtered water.
Polymers used alone or with coagulant delivered irregular results, and were in most cases of no interest. In some cases the use of polymers even degraded the filter performance.
Removal rates of particles larger than 5 mm: for raw water turbidity lower than 1 NTU, it was possible at a velocity of 100 m/h, or even 150 m/h and an optimal coagulant dosing rate of 5 ppm of WAC HB or FeCl 3 , to achieve an elimination rate in the order of 98%; for raw water turbidity in the order of 4-5 NTU, at 100 m/h and at the optimum coagulant dose (5 to 10 ppm of WAC HB or FeCl 3 ), a removal rate in the order of 93% was achieved.
Cycle runs are strongly dependent on raw water turbidity, filtration velocity and coagulant dosing rate. At 100 m/h with WAC HB and low raw water turbidity (0.5 -1 NTU), cycle runs can rise to 10 hours. On the other hand for water of higher turbidity (4 -5 NTU), cycle durations are around one hour.
On filtration start-up after backwash the filtered water quality is not very good, but improves rapidly, and after 10 to 15 minutes filtered water quality gets close to its optimal.
Filter backwash (3 sequences of: 5 s air scour at 150 m 3 /h, followed by 15 s water at 5 m 3 /h) was shown to be always efficient, and there was no increase of the initial head loss over time. Under these backwash conditions, air consumption was 0.7 Nm 3 , and water consumption less than 100 litres per backwash. Initial head loss of filter at 100 m/h was 80 mbar, the maximum head loss prior to filter leakage being around 120 mbar.
SDI 3 measurements surprisingly did not show any appreciable improvement through the 3FM filtration whereas MFI tests (on Millipore membrane of 0.45 mm) showed definitely that water filtered by 3FM at 50, 100 or 150 m/h caused less clogging than raw water, and less clogging than sand-filtered water (velocity 6 m/h) from the IFREMER facility.
Finally, the 3FM filter satisfies the main criterion of 98% elimination of particles sized above 5 mm, encountered no problems in operation and was more effective than sand filtration. Convinced by these tests, Total is studying the industrial use of the 3FM filter, with Veolia, for offshore oil extraction purposes, to replace sand filters.
